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1 Introduction

APIC has successfully completed the project entitled “Integrated Transceiver Chip Application
in Free Space Optical Communication Phase I”. Our test results show that the laser array
performance meets the design specifications as called out in the contract. This report presents
the laser array design, fabrication, test methods, and analyzes of tested laser performance.
Since the design and fabrication of the laser arrays have been detailed in previous monthly and
quarterly reports, this document will provide only a brief description for these two parts (i.e.
Section 2 and Section 3). The majority of the document will be dedicated to describing the test
methods, Section 4 and analyzing the test results, Section 5.

The report is organized as follows:
= Section 2 - laser array design;
= Section 3 - laser array fabrications;
= Section 4 - test methods;
= Section 5 - tested laser array
= Section 6 - summary
2 Laser Array Design and Specifications

2.1  Wafer Epitaxial Design

The wafer structure is very important in determining the laser performance. An ideal laser
should have low threshold current density, high quantum efficiency, good temperature
characteristics, high power, and small beam divergence. To fabricate such a laser, we designed
the optimum wafer structure with 5 quantum wells. The Quantum Well (QW) with 1%
compressive strain and two separate, confinement layers was used to achieve a large optical
confinement factor.

If a wafer has a small quantum well number, it will be difficult to get high output power from
that wafer. The optical confinement factor in the well will increase with the well number; this
would be effective for low threshold current. Some authors have studied quantum well number
dependence on laser power and threshold as shown in Figures 1 and 2. The results show that a
large well number can achieve higher power and larger To. However, as the well number
increases a point is reached where saturation occurs, the quantum efficiency decreases, and
threshold current increases. The main reason is as quantum well number increases, you also see
an increasing material loss and laser beam. Figures 1 and 2 clearly show that 4 or 5 quantum
wells will be the optimum choice to get high laser power and low threshold current.

Many theoretical and experimental results have shown that the wafer with strained quantum
wells could improve a laser performance; some examples are low threshold current, high
efficiency, high modulation frequency, and good temperature characteristics. It has been
demonstrated that lasers with compressive strain could get better T, than that of the tensile
strain, and minimum threshold of tensile strained QWSs is achieved over a narrower range of
strain than that in the compressive case as shown in Figures 3 and 4. The figures clearly show



that the quantum wells with 1% compressive strain have optimum temperature characteristics
and low threshold current.

Figure 1
Quantum well number dependence of laser power for laser cavity lengths L=500 pum ( circles ), and 250 pm
(squares). (From Semiconductor Science Technology, Vol.14, P.1069, 1999 [1].)
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Figure 2
Quantum well number dependence of laser threshold current. The solid line is calculated and the circles are
measured results at 20 °C for lasers with cavity lengths of 350, 700, and 1050 um and cleaved facets
(R1=R2=0.28). (From IEEE J. Selected Topics in Quantum Electronics, Vol.5, P.420, 1999 [2].)
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Figure 4
Strain dependence of laser threshold current
(From IEEE J. Quantum Electronics, Vol.30, P.477, 1994 [3].)

The well thickness and barrier height in the quantum wells also play important roles in
determining laser performance. Thicker wells are favorable because they provide large electron
confinement.  However, if the well thickness is too large, the high order levels in the valence
band are closer to the fundamental level, which may cause excess carrier at high temperature.
Higher barriers could provide good carrier  confinement, but it is limited by laser emitting

wavelength, refractive index, and optimum strain. For this project APIC used the well thickness
of 6 nm, and a barrier height of 0.31 eV.

Table 1 shows the wafer structure. The active region consists of five, 6 nm compressively
strained (1%) quantum wells separated by four, 12 nm barriers with tensile strained (0.2%).
The thickness of the two outer barriers is 17 nm. The active region is sandwiched between
two separate confinement layers with 40 nm Q (1.156 pum), and 100 nm Q (1.05 pm),
respectively. The two separate confinement layers could be used to achieve a narrow laser
beam with a large optical confinement factor, and the resulting low threshold current. An



etch stop layer composed of 50 nm is for selective etching to fabricate the laser ridge, and
the top InGaAs layer with high Zn doped density is for p- contact.

Material Thickness Doped density Comment
(nm) (1/ecm?)
P"-  Gags7lngssAs 100 Zn: 2E+19 Contact
P-InP 1000 Zn: 7TE+17 Upper cladding
P — Gag 2lng 8ASo 435P0 565 50 Zn: 7TE+17 Etching StOp
Lattice matched to InP layer
P-InP 90 Zn: 5E+17 Upper cladding
InP 110 Undoped Upper cladding
GalnAsP (Ag=1.05 um) 100 Undoped SCL2
lattice matched to InP
GalnAsP (Ag=1.156 um) 40 Undoped SCL1
Lattice matched to InP
Gag.291N0.71AS0 55P0.45 17 Undoped First barrier
0.2% tensile strain
Gag.27IN0.73AS0 87P0.13 6 Undoped
1% compressively strain Well x 5
Gap 291Ng 71ASg 55P0.45
0.2% tensile strain 12 Undoped Barrier x 4
Gap 291N 71AS0 55P0.45 17 Undoped Last barrier
0.2% tensile strain
GalnAsP (Ag=1.156 um) 40 Undoped SCL1
Lattice matched to InP
GalnAsP (Ag=1.05 um) 100 Undoped SCL2
Lattice matched to InP
N - InP 1200 Si: 1E+18 lower cladding
N*- InP 500 Si: 4E+18 Buffer
N*- InP Si: 4E+18 Substrate

Table 1 - Wafer Structure

We have used commercial software, PICS3D from Crosslight Software Inc., to calculate the gain
spectrum of the wafer, which is plotted in Figure 5. The gain peak is at the wavelength of ~1.570
pum in the figure, which will meet the requirement of the longest wavelength in the laser arrays.
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Figure 5
Calculated gain spectrum of the wafers

Figures 6 and 7 are the calculated band gap energy diagram and index profile, respectively. Two
separate-confinement layers with different index have been clearly shown in Figure 7.
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Figure 6
Calculated band gap energy diagram.
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Calculated index profile in the lasers.

2.2 Laser structure
The laser array consists of a group of Distributed-Bragg-Reflector (DBR) lasers. Figure 8 is the
schematic diagram of our individual DBR laser with a first-order grating. The DBR is placed at

one end of the laser stripe as a backside mirror, and a cleaved facet at the other end is used as the
front mirror. The gain region length is 500 um, and the DBR region length is 250 pum.
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Figure 8
Schematic diagram of individual DBR lasers.



We have also used PICS3D to simulate the laser performance for the above laser structure.
Figure 9 is the calculated laser mode spectrum at bias of 50 mA, and a side-mode suppression
ratio of 35 dB has been obtained.
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Figure 9
Calculated laser mode spectrum at bias of 50 mA.
“w .r; -".. 1 4
s =0 i
= N 4
2 o, S
& " I"-, =] u—
a / \ =
i ¥, \ - i
L f. N, i
ok /// \\ "
u / \ &
' (] [ & [T (11 i 1 5] i id ¥ ¥
L} 1 2 1 L] ¥ 1] T [ ]
Distance {pm ) X (pm)
Vertical direction Cross section
Figure 10

Calculated laser near field distributions in vertical direction
(perpendicular to the junction), and cross section.

The calculated laser near field distributions is plotted in Figure. 10. The figures shown at the left
and right side are the laser near filed in vertical direction (perpendicular to the junction), and the
cross section, respectively. They show that it is a single mode, and the laser near field is a good
Gauss distribution.



2.3 Laser array design and specifications

The lasing wavelength of each laser in an array coincides with the Bragg wavelength A of the
grating given by [4]

A=2ne O (l)
where [is the grating pitch and nes is the effective index of the waveguide. To obtain multiple
wavelengths in an array, the grating pitches for individual lasers are varied on the wafer during
the grating fabrication.

In the initial proposal for Phase I, the target channel spacing of the laser arrays was 3.2 nm,
which corresponds to 400 GHz. However, the best resolution of the e-beam writer that we used
is 2.5 nm, and the service charge for a high-resolution e-beam writer was out of the scope of the
requested budget. We did not have enough money to fabricate the laser array with channel
spacing of 3.2 nm in Phase I. Based on the direction given at the February program review in
Honolulu; we designed a laser array with 3 channels. The multi-channel laser arrays with small
channel spacing will be designed and fabricated in Phase II.

The minimum grating pitch difference between two neighboring lasers depends on the E-beam
writer resolution, and the channel spacing AA of the laser arrays was calculated based on the
following relation:

AN=2 Neff A A (2)

Where AA is the grating pitch difference between two channels, the value of the effect index is
3.0 to 3.2, and depends on the waveguide structure. If A0 = 2.5 nm and nes; = 3.0 to 3.2, from
Equation (2), the channel space AL will be 15 to 16 nm. The laser array design specifications
are listed in Table 2.

Channel number 3
Channel spacing 15 nm
Output power per channel >1mW
Side mode suppression ratio > 30 dB
Threshold current per channel <30 mA
Laser line width at half intensity <0.1A
Data rate per channel 2.5 Ghps
Distance between two channels 250 um

Table 2 - Designed laser array specifications



2.4  Challenges and technical approaches

The wavelengths of the laser array cover a region of ~ 30nm. Because the limitation of gain
spectrum width and gain change with wavelength, it will be difficult to get equal power and
threshold current for different lasers integrated on a single chip.

To solve this challenge, we used Quantum Well Intermixing (QWI) technology to fabricate the
wafer with multi — peak — wavelength gain. In this technology, the bandgap of a QW structure is
modified selectively after growth. The QWI mechanism is based on the fact that a QW is an
inherently metastable system due to the large concentration gradient of atomic species across the
well and barrier interface. At high temperature, significant diffusion of atomic species will occur,
resulting in an interdiffusion of the well and barrier materials and the modification of the QW
shape. Therefore, the QW bandgap energy will be blue shifted as shown in Figure. 11. It has
been demonstrated that the intermixing process can be greatly enhanced by the presence of
impurities or defects in the vicinity of the interfaces of the QWSs, allowing intermixing to occur at
temperatures that are substantially lower than what is normally required.

------ _Eqw < Eirt \\/
/\

(@) (b)
Figure 11
Schematic quantum well energy (a) before QWI, and (b) after QWI.

There are several techniques used to accomplish QWI. They are impurity-induced disordering
(11D ) [5,6], impurity-free vacancy-enhanced disordering ( IFVD ) [7], photo-absorption-induced
disordering ( PAID ) [8,9], and implantation-enhanced interdiffusion ( IEI ) [10-12].

The 1ID method uses impurities, commonly dopants, to change the equilibrium defect
concentration, which is dependent on the Fermi level, to enhance the group-I11 or group-V self-
diffusion in the crystal, thereby promoting the intermixing. Although this technique has been
shown to be successful, the introduction of dopants used to promote intermixing could have
adverse effects on the electrical nature of the device structure.

The IFVD method uses the postgrowth introduction of vacancies, which during a subsequent
thermal process allows the vacancies to diffuse through the lattice where adjacent atoms
exchange places, thereby accomplishing the intermixing. This method commonly uses a SiO2
layer to promote the out diffusion of Ga, creating and diffusing vacancies during the anneal. This
can be applied to the INP material system with the use of InGaAs cap on which the SiO2 layer is
deposited. The drawback of this method is that the characteristics of the top InGaAs layer will be
changed after QWI.



The PAID technique uses localized heating of the quantum-well structure through laser
irradiation to accomplish QWI. Although this technique yields high material quality, the spatial
resolution is poor.

The IEI method uses the implantation enhanced interdiffusion method, which relies on the
diffusion of point defects created during an ion implantation. This method has been shown to
have good spatial resolution, and to be controllable using anneal time, temperature, and ion dose
etc.
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Figure 12

Schematic diagram of the wafer with different SiO2 film thicknesses for ion implantation, and
corresponding gain spectra for each area.
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Some of the critical issues that must be considered for the QWI technology:

= The control of the bandgap profiles must make it possible to obtain the multi — peak -
wavelength gain in different regions of a wafer, which meet pre-determined wavelengths
for different lasers integrated in a laser array.

= There should be no or insignificant degradation of the intermixed material optical and
electrical quality through the fabrication processes. This is an especially important issue
with QWI process since they are based on an impurity generation mechanism.

= The lifetime of the intermixed devices should not be altered by the fabrication process.

We used the IEI method to do QWI. This technique has none of the obvious drawbacks shown in
IID, IFVD, and PAID. In this technique, a two-step process was used to achieve the blue shift of
the QW bandgap energies with different levels in the same chip. Step 1: SiO2 mask with graded-
thickness was fabricated on the sample, and stand ion implantation was performed through the
Si02 mask as shown in Figure.12 (a). Step 2: After the SiO2 mask was removed, an annealing of
the samples was carried out using a rapid thermal annealer (RTA), and the wafers with multi —
wavelength gain were fabricated as shown in Figure.12 (b).

After QWI, the gain peak of each region in the samples was shifted to the pre-determined
wavelength. Then, laser arrays were fabricated, and the wavelength of each laser with DBR
structure was designed at the gain - peak wavelength as shown in Figure.13.

Top view of laser structure

v

Laser spectrum

Figure 13
Schematic diagram of integrated laser array and corresponding laser spectra.
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3  Laser array fabrications

The process steps of the laser array fabrications include wafer growth, quantum well intermixing
of the wafers, grating fabrications, and DBR laser fabrications. The details are described in the
paragraphs below.

3.1  Wafer growth

The wafers were grown by Metal-Organic Chemical Vapor Deposition (MOCVD) on n-doped
InP substrate. After deposition of a 500 nm n*-InP buffer layer ( Si doped 4x10"® cm™®) and
1200 nm n — InP lowing cladding layer ( Si doped 1x10 cm™), the active region with 5
quantum wells centered at two separate-confinement layers 40 nm Q(1.05 pum) and 100 nm
Q(2.156 um) were grown. All of the quantum wells and the confinement layers were undoped.
Then, an 200 nm “space” layer composed of 110 nm InP undoped and 90 nm InP ( Zn doped
5x10'" cm™®), 50 nm stop layer ( Zn doped 7x10*" cm™), 1000 nm InP layer ( Zn doped 7x10"’
cm®), and 100 nm InGaAs layer ( Zn doped 2x10" cm™ ) were grown. Figure 14 shows the
schematic diagram of laser layer structure.

InGaAs contact layer
Upper cladding
Etching stop layer
Upper cladding
SCL2

SCL1

Guantum wells

SCL1

LR R T T R T R N T R P P T R T . N, S c L 2

Lower cladding

Buffer and substrate

Figure 14
Schematic diagram of wafer layer structure.
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3.2  Quantum well intermixing

The flow chart of the QWI process is shown in Figure 15. After deposition of SiO2/SiN multi-
layer films, a select etching was used to make masks with different thicknesses by using BOE
solution.

The etching rate of SiO2 film in BOE solution is more than 20 times larger than that of SiN film.
If the wet etching is used to do process, SiN film will be a good etching stop layer. Next, the
implantation layer step was carried out. The implanted ion was phosphorus with 370 KeV
energy and dose of 1.0 x 10" ijons/cm®. The wafer temperature was elevated to 200 °C
throughout the implantation in order to avoid the formation of effect aggregates which have
higher diffusion activation energy. The wafers were tilted at a 7° angle during implantation to
reduce channeling effects. Following ion implantation, rapid thermal annealing was carried out
at 700 °C for 120 S.
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a. Deposit SiO2/SiN multi-layer films

b. Select etching to make masks with different thicknesses

—
1 502

InGabsP/InP

c. lon implantation
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—
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Olo @)

_ QWS

Figure 15
Flow chart of quantum well intermixing

Photoluminescence (PL) spectrum was then measured for each laser diode in the wafers to check
the shift of the bandgap energies after QW intermixing. Since each laser diode is very small
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(500 pm x 700 um), it is important to create separation to avoid pumping the adjacent laser
diodes during the test. No commercial equipment exists which could be used to isolate the pump
for one laser diode of such diminutive size. Therefore, we built our own set-up to accomplish the
PL test with the necessary isolation.

020 light
LIS Fiher coupler
PL signal T 950 light
PL signal
05A
Semiconductor wafer
Figure 16

Schematic diagram of the set-up for PL tests of the wafers

Figure 16 shows the schematic diagram of the set-up APIC created for this special PL test. The
980 nm laser was used as the pump light source; the laser beam was focused into a fiber coupler
to pump the semiconductor wafer. The photoluminescence signal (Wavelength region from 1400
nm to 1650 nm) from the QW inter-mixed wafer passed through the coupler to the optical
spectrum analyzer (OSA). The section of the fiber tip was mounted on a holder, and the holder
was fixed on a three axis stage with high precision, which was used to adjust the fiber tip
position to focus the laser beam in the tested area. A microscope was used to check the positions
of the fiber tip and the tested area.

The precision of the set-up for the focused laser beam position on the wafers could reach to 100
pm x 100 um, which is sufficient to test the wafers.

This set-up was used to test the PL spectra for QW intermixed wafers. Figure 17 shows the tested
PL spectra for the InGaAsP/InP wafer after QW intermixing. There are 4 PL spectra in the
figure, which were taken from different areas with different thicknesses of SiO2/SiN masks in
the same wafer. The figure clearly shows the PL peaks shift with the thicknesses of SiO2/SiN
masks. Please note that the intensity of each gain curve is not normalized with each other.
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Figure 17

PL spectra of the wafer after QW intermixing. Each spectrum was taken from the area with
different thicknesses of the SiO2/SiN films.

3.3  Grating fabrications

The traditional optical mask aligner could not be used to generate such grating patterns with
pitches of ~242 nm, and the holographic exposure could not generate grating patterns with
different pitches. We used an E-Beam writer to print the grating patterns.

Figure 18 is the flow chart of grating fabrications. Firstly, SiO2 film was deposited on the
InGaAsP/InP wafer. Then, the grating mask was printed on the SiO2 film using an E-beam
writer. Next, the SiO2 film was etched by ICP to transfer the grating patterns into the SiO2 film
layer. Finally, the transferred SiO2 mask was used to etch the grating in the InGaAsP/InP wafer.
The gratings were the first-order surface gratings. The etching depth of the grating was ~1.1 pm.
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a. Deposit SiO2 on InGaAsP/InP
Sio2

InGaAsP/InP

b. Print grating mask by EB writer

Grating PR
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InGaAsP/InP

c. Transfer(Etch) EB-generated grating into SiO2 film
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Sio2 A

InGaAsP/InP

d. Etch grating by using SiO2 mask
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mask F— — — — — —

InGaAsP/InP

Figure 18
Follow chart of grating fabrications
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Figure 19 shows a scanning-electron-microscope (SEM) picture of our grating patterns. Three
different grating pitches were written: 242 nm, 244.5 nm, and 247 nm for three lasers in an array.

Figure 19
SEM picture of E-Beam generated grating pattern.

3.4 DBR Laser Fabrications

After the QWI and the grating processes, the final step was to fabricate DBR laser arrays.
Figure 20 (a through e below) shows the flow chart of the DBR laser array fabrications. First, a
ridge was etched in the gain and grating sections of the laser. The ridge is 1.1 um deep. The
ridge had different widths in gain and DBR sections. They were 4 and 6 um, respectively. To
ensure a good match of the power transition from gain section to DBR section, a power - match
section between gain and DBR section was formed. Any mismatch between gain and DBR
sections could lead to a coupling loss. A selective wet etching was used to form the ridge, the
first etching solution was H,SO4:H,0, (30%):H,O (1:8:80) to remove the InGaAs cap layer, and
then etching in HCI: CH3COOH (1:1) to selectively remove the InP layer positioned above the
etch stop layer.

a. Make ridge in the active and DBR sections after grating fabrication.

Active section DBR section

Cross section Top view

After the ridge was formed, SiO2 film was deposited on the samples. Then a contact window
was opened on the top of the ridge. The width of the window was 3 pum in the gain section and 5
pum in the DBR section. P-metal consisting of Ti/Pt/Au films were deposited by electron-beam-
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evaporation for P-type contact. A lift-off metallization was aligned over the edge of the active
section to electrically isolate the gain section pad and the DBR section pad as shown in Figure.
21. Finally, the samples were thinned to ~120 um, an n-electrode consisting of Au/Ge/Ni and
Au was deposited on the n-InP substrate. The laser arrays were cleaved to form an active-region
length of 500 um and DBR region length of 250 pm.

b. Deposit SiO2 film

<+ Si02
QWs
c. Open window on the top of ridge
— 8i022
QWs
d. Deposit metal for P-contact
Metal
A
<« Si02
QWs

e. Thin down InP substrate and deposit metal for N-contact
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P- contact
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< Si02
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Figure 20
Flow chart of DBR laser fabrications.

Figure 21 shows a picture of laser array (top view). There are two electrode pads on the top of
the array for wire bounding of the DBR and gain sections, respectively. The two-metal-pad
separation is 15 um for electrical isolation between DBR and gain sections.

DBR section
Electrical isolated section

Gain section

Figure 21
Picture of laser array (top view).
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4  Test methods of laser array characteristics

4.1 Laser spectrum tests

Laser chip
Optical fiber Laser driver
‘LTEC
|
Sample
holder Radiator
OSA |

XYZ stage

Temperature

‘ - Controller

Figure 22
Schematic diagram of set-up for laser spectrum tests.

Figure 22 is the schematic diagram of the set-up for laser spectrum tests. The laser driver was
used to apply DC bias to lasers, and Thermal-Electrical Cooler (TEC) was used to keep the
tested lasers at a constant temperature, which was controlled by a temperature controller. The
laser beam was focused into a fiber, and the optical spectrum analyzer (OSA) with the resolution
of 0.01 nm was used to take laser spectrum data. From tested laser spectrum, the laser
wavelengths and side-mode suppression ratio of each channel, and channel spacing of the laser
arrays were determined.

4.2 Laser P-l and I-V tests

To determine the laser threshold current, output power, and quantum efficiency, we have to test
laser output power as a function of the injected current (P-I characteristics). The laser forward
voltage as a function of the injected current (I-V characteristics) is also important to determine
a laser characteristics of P-N junction and Ohmic contact. Figure 23 shows the schematic
diagram of the set-up for laser P-1 and I-V characteristic tests. It is similar to that of the set-up
shown in Figure. 22. Only difference is that an optical power meter with a lager area detector
was used to take data instead of OSA. The area of the photodetector is 1 cm x 1 cm, which is
large enough to cover the laser beam.
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Figure 23
Schematic diagram of set-up for laser P-1 and I-V tests.

4.3  Laser data rate and frequency response tests

Figure 24 is the schematic diagram of the set-up for laser data rate tests. A bias T was used to
connect DC and AC signal to the laser, and a high-frequency probe was used to contact the tested
laser. The laser was DC biased above the threshold current. The digital data signal from the BER

Bias T Laser
Fiber .
Laser driver
Wide- ‘ Signal
bandwidth I BER gengrator
oscilloscope Analyzer
XYZ |l
Stage
Figure 24

Schematic diagram of set-up for laser data rate tests.

(Bit Error Rate) test equipment was applied to the laser. The laser beam was focused into a fiber,
and the wide-bandwidth oscilloscope was used to measure the output signal from lasers. The
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laser output signal was applied to the vertical input of the oscilloscope, while the data rate was
used to trigger the horizontal sweep of the oscilloscope. This is a typical set-up for the test of
eye pattern.

To conform the tested data rate of the lasers, we have also measured the laser modulation
bandwidth at -3 dB. Figure 25 shows the schematic diagram of the set-up for laser frequency
response tests. The tested laser was biased above threshold current, and was modulated by
sinusoidal current from a signal generator. From tested laser output intensity as a function of
modulated frequency, the laser modulation bandwidth at — 3dB was determined.

: Laser
Bias T driver
Fiber Laser
Wide- _
i Signal
bandwidth
oscilloscope O ] generator
XYZ
Stage

Figure 25
Schematic diagram of set-up for laser frequency response tests.

4.4  Laser linewidth tests

A homodyne technique was used to test laser linewidth. Figure 26 shows the schematic diagram
of the test set-up. The laser was biased above threshold current. The laser emission was
amplified by an optical amplifier, and was modulated by a Mach-Zehnder modulator with
frequency of 5 GHz. Then, the lights were coupled into two arms of a single-mode fiber
interferometer. The long interferometer arm was a long fiber, which provided a time delay. After
the optical signals from the two interferometer arms were combined using a single-mode fiber
coupler, they were mixed by an avalanche photodiode (APD). The beat signal centered at 5 GHz
was displayed on a spectrum analyzer. The FWHM linewidth of a Lorentzian laser emission line
was taken as one half the spectral width of the beat signal observed on the spectrum analyzer.

23



Modulator

Laser
driver

Signal Optical Fiber
generator = amplifier

Laser

A -
APD _ XYZ Stage

Spectrum analyzer

Figure 26
Schematic diagram of set-up for laser linewidth tests.

5  Tested results

Using the above test methods, we have measured the laser array spectrum, P-I and V-I
characteristics, date rate and frequency response, and laser linewidth for many laser arrays. The
typical results tested from a laser array are shown as follows. All data were taken at room
temperature, and the DBR section of the lasers was biased at 10 mA.

5.1 Wavelength, channel space, and side - mode suppression ratio

Figure 27 is a tested laser array spectrum. Three wavelengths 1547.9 nm, 1563.0 nm, and 1578.2
nm were tested from three lasers in a laser array. It clearly shows that the channel spacing is ~ 15
nm, and laser side-mode suppression ratio is better than 35 dB.
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Figure 27
Laser array spectrum.

5.2 Threshold currents and output powers

The tested laser array P-1 characteristics are plotted in Figures.28. Figure 28 (a) is the laser P-I
characteristics tested from 3 different lasers in a laser array, which shows the threshold current
of each laser is less than 30 mA. To test the maximum output power, we have increased the
injected current to 100 mA for one laser as shown in Figure.28 (b). We observed the laser
maximum output power of ~8 mW. It should be mentioned that the laser facets were not coated.

After coating, the laser maximum power will be increased, and the threshold current will be
decreased.
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Figure 28
Laser P-1 characteristics
(a) tested P-1 from 3 different lasers in the laser array
(b) maximum output power tested from a laser in the laser array

25



Figure 29 is a typical laser 1-V characteristic tested from a laser in the laser array, which shows
that the laser turn on voltage is 0.7 V, and the laser forward resistance is ~7.4 Q, which was
calculated from the slope of the I-V curve.
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Figure 29

Laser I-V characteristics tested from a laser in the laser array.

5.3

Data rate and -3 dB bandwidth

We have tested the laser frequency response by using the set-up shown in Figure.25. The tested
laser was biased at 40 mA, and the results are plotted in Figure.30. It shows that the bandwidth at

—3dB is 5 GHz.
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Figure 30
Laser frequency response.
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To study the laser data rate, we have also tested the laser eye pattern. Figure 31 is an eye pattern
tested from a laser at modulated frequency of 5 GHz.
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Figure 31
5 Gb/s eye pattern tested from a laser in the array.

5.4  Laser linewidth

Figure 32 shows the line shape of the homodyne signal measured from a laser in the array by
using the set-up described in Figure.26. The beat signal centered at 5 GHz, and the FWHM
linewidth of 15 MHz for the laser emission line could be obtained from the figure.
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Figure 32
Line shape of the heterodyne signal tested from a laser in the array.
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6 Summary

The above results clearly show that we have successfully designed and fabricated the laser
arrays. The tested laser array performance meets the designed specifications, and some of the
laser characteristics are better than the designed specifications.

To compare the above tested characteristics with the designed specifications of the laser arrays,
we put all of the tested data into Table 3, and the designed specifications of the laser arrays are
also listed in the Table. It clearly shows that the laser side-mode suppression ratio, maximum
output power, data rate, and linewidth are better than the designed specifications.

Items Designed Tested data
Specification
Channel number 3 3
Channel spacing (nm) 15 15
Side-mode suppression ratio (dB) >30 >35
Threshold current per channel (mA) <30 <30
Maximum output power per channel ( mwW) >1 >5
Linewidth per channel ( MHz) <1000 15
Data rate per channel (Gb/s) 2.5 5
Distance between two lasers ( um) 250 250

Table 3 - List of tested laser array performance and designed specifications.

In summary, we have successfully solved some issues of laser array design and processes in
Phase I, the details have been described in the previous monthly reports. We have gained a lot of
experience in the fabrication of the laser arrays, which is very valuable to make laser array with
more complex structure in the next phase.
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